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1Cognitive Cooperation for the Downlink of
Frequency Reuse Small Cells
Salam Akoum, Marie Zwingelstein-Colin,
Robert W. Heath Jr., and Merouane Debbah
Abstract
We develop a cooperative diversity protocol that is coded over space, time and frequency to achieve
improved quality of service for mobile users in the downlink of small cells frequency reuse networks. The
proposed protocol, called Cooperative Frequency Reuse (CFR), leverages the cellular frequency reuse
concept to create space and frequency diversity among pairs of collaborating adjacent base stations. The
CFR protocol is compatible with the half-duplex mode, and is distributed in the sense that each base
station acts in autonomy, without the need of a centralized entity. It is implemented in two phases. During
the first phase, each base station independently serves its own users on its dedicated frequency band. It
simultaneously listens to the symbols transmitted by neighboring base stations. Cognitive cooperation
is introduced in the second phase, where each base station transmits on two frequency bands to the
scheduled users in both base stations, by means of an appropriately chosen distributed space time code
based on the Golden code. We analyze and discuss the performance of the proposed protocol in terms
of bit error-rate, probability of outage and ergodic sum-rate under different scenarios. Simulation results
show that the proposed protocol yields considerable improvement over the classical direct transmission
frequency reuse strategies.
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I. INTRODUCTION
Small cells wireless networks provide increased capacity and higher area spectral efficiency
[1]–[3]. The benefits reaped from these networks come, however, at the expense of increased
co-channel interference, especially at the cell edge. Conventional cellular networks manage the
interference problem by requiring adjacent base stations (BSs) to transmit on different frequency
bands. This mechanism is called frequency reuse (FR). It increases the reliability of the cellular
networks while at the same time incurring a poor spatial reuse of the expensive frequency
spectrum [1]. Fractional Frequency Reuse (FFR) achieves a higher spatial reuse of the spectrum,
and is suggested for next generation cellular systems [4], [5]. It divides the frequency bands into
subchannels, to be shared orthogonally among BSs to serve users that are interference limited. It
maintains, however, universal frequency reuse in the cell center. Small cell networks encounter
conflicting requirements between providing an increased area spectral efficiency and maintaining
quality of service for their mobile users. One way to resolve this tradeoff is through combining
frequency reuse with cooperation between adjacent BSs. Implementing a cooperation algorithm
that leverages the FFR concept of cellular systems achieves the dual benefit of higher reliability
and higher spectral efficiency.
Cooperation in cellular networks, depending on the level of data and channel state information
(CSI) shared between BSs, can be implemented in several ways [6]–[9]. Cooperative space
diversity [6], [10] is one such method. It exploits spatial diversity by implementing a virtual
antenna array between adjacent BSs, and distributed space time codes can be constructed over
the formed virtual array to increase the reliability of the system [11]–[13]. In this paper, we design
a cooperation protocol based on space and frequency diversity, for cooperation between a pair
of adjacent BSs. The proposed protocol, called Cooperative Frequency Reuse (CFR), leverages
the frequency reuse concept of cellular systems, creating a virtual Multiple-Input Single-Output
(MISO) system based on the sharing of OFDM frequency bands among adjacent BSs. It can
be applied to cellular systems that use FFR, such as WiMAX and LTE, in a straightforward
manner. It is cognitive in the sense that the BSs use, opportunistically in time, the frequency
3bands allocated to their adjacent BSs to transmit to the mobile users, hence creating cognitive
diversity on the downlink of the cellular system.
In contrast to the cooperative multicell transmission strategies available in the literature [7],
[14], [15], where base stations jointly process the downlink signals of the mobile users, thereby
creating a multiple-input multiple-output (MIMO) broadcast channel, the proposed CFR protocol
implements cooperation through a distributed space time code. It is thus especially suitable for
mobile flexible networks [16], where the BSs have limited or no wired backhaul communication.
The proposed strategy is different from the cooperative transmit diversity in the multihop relay
specification for WiMAX, the IEEE 802.16j standard [17]. In the latter, distributed space time
codes are implemented across antennas of the deployed relays and the BS, in the same cell,
over the same time and frequency resources. It is also different from the shared relay concept
proposed in IEEE 802.16m [9], where a relay is placed at the intersection of two or more
cells, and used to decode the signals from the intersecting BSs. The CFR protocol also differs
from other cooperative protocols proposed in the literature, such as [10]–[12], [18]. The latter
protocols are applied for cooperation among mobiles nodes on the uplink of cellular systems,
and can be used for communication between terminals in ad-hoc networks.
Assuming a half-duplex mode, whereby nodes cannot transmit and receive at the same time
on the same frequency band, the CFR protocol is implemented, for a pair of adjacent BSs, in
two phases. During the first phase, each BS serves its own users in a protected band, orthogonal
to the frequency bands that the adjacent base stations transmit on. The BS listens, during the
same phase, to the signal sent by the cooperating BS on another frequency band. The underlying
assumption here is that the wireless link between the pair of adjacent BSs is reliable, which is
generally the case in practice, when the BSs have a line of sight channel. In the second phase,
the BSs divide their transmit power between two frequency bands: they use one band to serve
their own users, and the other band for cooperation by relaying the signal of the other BS.
During the second phase, the CFR protocol implements a distributed space time code between
the cooperating base stations, based on the Golden code [19]. The Golden code is a full rate
space time code that achieves the optimal Diversity Multiplexing Tradeoff (DMT). It has been
applied in the cooperative communication literature [20], where it was proven to be optimal for
the single-input single-output (SISO) amplify and forward (AF) cooperative channel.
In this paper, we establish the benefits of the CFR protocol in terms of bit error-rate, probability
4of outage and achievable ergodic sum-rate, through extensive numerical simulations. We first
consider the ideal case of an isolated pair of collaborating BSs, where the BS to BS link is
assumed perfect. We then extend the analysis to incorporate the imperfections in the BS to BS
link, for the isolated two base station case. We finally consider the effect of other cell interference
from neighboring non-cooperating base stations. The rest of the paper is organized as follows.
We describe the multicell downlink transmission model in section II. In section III, our CFR
protocol is presented and discussed. The performances of the CFR protocol in terms of bit error-
rate, probability of outage and ergodic sum-rate are evaluated in section IV-A for the case of
isolated collaborating pair of base stations. Section IV-B analyses the CFR protocol for the case
of an infinite number of adjacent base stations, where each collaborating pair acts as an interferer
for the other cooperating pairs in the network. Numerical results are presented in Section V.
Concluding remarks and insights into future work are given in Section VI.
Throughout the paper, the following notation is used. Bold lowercase letters x are used to
denote column vectors, bold uppercase letters X are used to denote matrices, non bold letters x
are used to denote scalar values, and caligraphic letters X are used to denote sets or functions
of sets. Using this notation, |x| is the magnitude of a scalar, ‖x‖ is the vector 2-norm, XH is
the conjugate transpose of X. We use E to denote expectation. In is the identity matrix of size
n× n, and the probability of event E is P (E). i = √−1, Z is the ensemble of relative integers
and ⊗ is the Kronecker product for matrices.
II. MULTICELL DOWNLINK TRANSMISSION MODEL
In this section, we present the system model, shown in Figure 1, for the downlink of the
multi-cell network of interest. The BSs and the user terminals are assumed to be equipped
with a single antenna. The BSs employ OFDM modulation with N subchannels per OFDM
frequency band. They implement fractional frequency reuse, such that the users at the cell-
edge are protected against inter-cell interference. In order for the model to be consistent with
practical considerations, we assume that the base stations operate in half-duplex mode, i.e. they
cannot transmit and receive at the same time on the same frequency band. We also assume Time
Division Multiple Access (TDMA) as the multiple access scheme. We further consider slow
fading, such that the coherence time of the channel is larger than the maximum delay tolerated
by the application. We do not account for scheduling, resource allocation or fairness among
5users. Only global performance over the OFDM frequency band is considered.
The cellular layout that we consider corresponds to the linear Wyner cellular model [21]. Albeit
simple and analytically tractable, this model provides considerable insight into the working of
real cellular networks [22]–[26] in the absence of a more realistic tractable approach to other cell
interference. It allows for representation of the cellular interference using only one parameter.
The linear model is illustrated in Figure 1, where the cells are indexed in increasing order from
left to right. The FR factor between adjacent cells is set to 2, that is 2 OFDM bands, band I
and band II, are allocated alternatively to the cells in the linear array. For simplicity, we focus
on the cell-edge users, and thus, for fractional frequency reuse, only consider the regions in the
cells with frequency reuse greater than 1.
The downlink channel gains account for the effects of path loss as well as Rayleigh fading.
The effect of log-normal shadowing is ignored. The path loss is assumed to be invariant to
frequency, whereas a different and independent realization of Rayleigh fading is assumed on
each OFDM subchannel. In the following, we respectively denote by Bk and Mk the BS and the
user terminal in cell k. To make the analysis analytically tractable, we set the average channel
gain between each base station Bk and its user Mk to 1. The average channel gain between
Bk and a user in an adjacent cell Mk+1 or Mk−1 is set to α, and that between Bk and Mk+2
or Mk−2 is set to α2, and so on. The link between adjacent base stations is assumed to be an
additive white Gaussian noise (AWGN) channel free of fading, with a line of sight component
whose gain is denoted by β.
The signal received by user k at time slot m on OFDM subchannel n can be expressed as
yk(m,n) = hk,k(m,n)xk(m,n) +
∑
l 6=k
hℓ,k(m,n)xℓ(m,n) + wk(m,n), (1)
where xk(m,n) is the symbol transmitted by BS k at time slot m and subchannel n, hℓ,k(m,n)
is the instantaneous channel gain from BS ℓ to user k at time slot m and subchannel n and
wk(m,n) is the AWGN with variance σ
2
w = N0. The channel gain hℓ,k(m,n) accounts for the
effects of Rayleigh fading (independent for each value of n), and path loss (the same for all n).
Assuming a slow fading scenario, the frame length T is less than the coherence period of the
channel (quasi-static assumption), hence, the time index m is, hereafter, omitted in the channel
gain notation. We write hℓ,k(n) instead of hℓ,k(m,n). The signal to noise ratio is defined as
SNR
∆
= E
N0
where E = E{|xk|2} is the average energy for transmitting a symbol across the link,
6and N0 is the variance of the thermal noise observed at the receiver.
The signal received by base station k at time slot m on subcarrier n is
zk(m,n) =
∑
ℓ 6=k
βℓ,kxℓ(m,n) + vk(m,n), (2)
where xℓ(m,n) is the symbol transmitted by base station ℓ at time slot m and subchannel n, βℓ,k
is the (deterministic) gain of the link between base station ℓ and base station k, and vk (m,n)
is the AWGN at base station k with variance σ2v . The channel gain βℓ,k is modeled as
βℓ,k = β
a+1, (3)
where a is the number of base stations separating base station ℓ and base station k. In the
following, we will consider two cases for the base station to base station link.
1) Ideal base station to base station link, with β = 1 and σ2v = 0.
2) Non-ideal link, with 0 ≤ β < 1 and σ2v = N0.
The channel coefficients are assumed to be perfectly known at the receiver, whereas two different
scenarios are considered for the channel state information at the transmitter (CSI-T):
1) No CSI-T.
2) Partial (statistical) CSI-T, where only the statistics of the channel gains are known at the
transmitter (the coefficient α).
III. COOPERATIVE FREQUENCY REUSE
In this section, we present the cooperative diversity protocol we propose for improving the
quality of service at the cell-edge of a small cell network. The protocol is to be implemented
between pairs of adjacent base stations, based on the realistic assumption that the link between
two adjacent base stations is, in general, a line-of-sight link that does not manifest severe
attenuation.
Assuming fractional frequency reuse and operation in half-duplex mode, each base station
transmits information to the scheduled users inside its cell, while at the same time, but on a
different frequency band, listening to the signal transmitted by its neighboring base station to the
users in the adjacent cell. With some incurred delay, whose effect is neglected in the following
analysis, both base stations learn each other’s transmitted information, and become, thereafter,
able retransmit this information in a collaborative manner, creating a virtual MISO system. Based
7TABLE I
PROPOSED CFR PROTOCOL, FOR THE PAIR OF BASE STATIONS NUMBER 0 AND 1, OPERATING ON OFDM BANDS I AND II.
1stphase 2ndphase
Base Station 0
Band I transmit to user 0 transmit to user 1
Band II listen to base station 1 transmit to user 0
Base Station 1
Band I listen to base station 0 transmit to user 1
Band II transmit to user 1 transmit to user 0
on this key idea, the proposed protocol is implemented using a distributed space time code that
optimally exploits the available degrees of freedom.
The cooperative protocol is called Cooperative Frequency Reuse (CFR), as it leverages the
frequency reuse cellular concept, and allows for cooperation between adjacent base stations.
Instead of serving the users in their respective cells independently, as is done under classical
frequency reuse, the CFR protocol allows neighboring base stations to implement a distributed
space time code to jointly communicate their transmission to their users. The CFR protocol
consists of two phases, of duration T/2 each. During the first phase, each base station transmits
to its own user on its dedicated OFDM band, and listens to the signal intended to the user of
its neighboring base station on the other OFDM band. During the second phase, cooperation is
introduced, and each base station transmits to both users on both OFDM bands following the
distributed space time code in table I.
The CFR protocol can be thought of as a virtual MISO system, where each collaborating BS
pair uses a space time code to increase the reliability of the network. In order not to hinder the
achievable rate of the system, we use a full rate space time code based on the Golden code1 [19].
The Golden code is a full rate, full diversity, information lossless and DMT achieving space
time code for two transmit and two or more receive antennas. For information symbols s1, s2,
s3 and s4, the Golden code codeword is
X =

 φ (s1 + θs2) φ (s3 + θs4)
iφ¯
(
s3 + θ¯s4
)
φ¯
(
s1 + θ¯s2
)

 = diag

M

 s1
s2



+ diag

M

 s3
s4





 0 1
i 0

 ,
1The Golden code is chosen here because it achieves the diversity multiplexing tradeoff. Other space time codes can be used
in the CFR protocol. The Alamouti code for a 2 × 2 MIMO system can be used for example, at the expense of a loss in the
achievable sum rate.
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PROPOSED CFR PROTOCOL BASE ON THE DISTRIBUTED GOLDEN CODE.
1stphase 2ndphase
m = 2p m = 2p+ 1 m = 2p+ 2 m = 2p+ 3
Base Station A
Band I (n) a1 a3
√
γ¯0bz0(2p, n+N)
√
γ¯0bz0(2p+ 1, n+N)
Band II (n+N) z0(2p, n+N) z0(2p+ 1, n+N)
√
γ0ia4
√
γ0a2
Base Station B
Band I (n) z1(2p, n) z1(2p+ 1, n)
√
γ1ib4
√
γ1b2
Band II (n+N) b1 b3
√
γ¯1bz1(2p, n)
√
γ¯1bz1(2p+ 1, n)
transmit receive
whereM = 1√
5

 φ φθ
φ¯ φ¯θ¯

 is the Golden matrix, θ = (1+√5)/2 is the golden number, θ¯ = 1−θ,
φ = 1 + i(1− θ), and φ¯ = 1 + i (1− θ¯).
Let the collaborating base station pair, and their respective users, be denoted by B0, B1,M0,M1.
The Golden code is adapted to the CFR protocol in the following manner. Prior to transmission,
the information symbols s = [s1 s2 s3 s4] and t = [t1 t2 t3 t4], intended for users M0 and M1
respectively, are first precoded by the Golden matrix M as follows
 a1
a2

 = M

 s1
s2

 ,

 a3
a4

 = M

 s3
s4

 ,

 b1
b2

 = M

 t1
t2

 ,

 b3
b4

 = M

 t3
t4

 .
After applying Golden code precoding, the symbols [a1 a2 a3 a4] and [b1 b2 b3 b4] are trans-
mitted as shown in table II. During the first phase (time slots 2p and 2p + 1), base station B0
transmits symbols a1 and a3 to its user on its dedicated OFDM band (band I), and listens to the
symbols b1 and b3 transmitted by base station B1 on base station B2’ dedicated OFDM band
(band II). BS 2 transmission of b1 and b3 follows similarly.
During the second phase (time slots 2p+ 1 and 2p+ 2), a space time Golden code codeword
is transmitted to each user through cooperation between the two base stations, i.e. the Golden
code codeword X0 =

 a1 a3
ia4 a2

 is transmitted to user M0 on band II, and the Golden code
9codeword X1 =

 b1 b3
ib4 b2

 is transmitted to user M1 on band I.
Amplify and Forward (AF) is chosen as the relaying protocol, as depicted in table II. The
amplifying parameter b is used to satisfy the energy constraint
E{|bzk|2} ≤ E i.e. b ≤
√
E
β2E +N0 .
The coefficients γ0, γ¯0 = 1 − γ0, γ1 and γ¯1 = 1 − γ1 account for the power control. In case
of no CSI-T, they are set equal to 1
2
to reflect the fact that power is equally allocated to the
two OFDM bands. In case of partial (statistical) CSI-T at the transmitter, they can be optimized
based on the channel gains statistics.
The distributed space time code is expected to provide a diversity order of 3 (observe from
Table II that each symbol is transmitted through 3 channel realizations, due to spatial and
frequency diversity). Furthermore, in the event of failure of the cooperating links, the Golden code
codewordsX0 andX1 are still transmitted to users 0 and 1, but as frequency time codewords (over
the 4 time slots of the CFR protocol), instead of space frequency time codewords (implemented
over the last 2 time slots over the CFR protocol). Consequently, in case of cooperation failure,
the diversity order is reduced to 2, but the benefits of using the Golden code are preserved. The
analysis in sections IV-A and IV-B discusses the performance of the CFR protocol in terms of
bit error rate, probability of outage and average achievable sum-rate, and compares the CFR
with the classical, non cooperative, frequency reuse transmission scheme.
IV. PERFORMANCE ANALYSIS
In this section, we derive expressions for the performance evaluation of the CFR protocol
based on three metrics, the bit error rate, the probability of outage, and the average achievable
sum rate. We first consider the CFR protocol for the ideal case of two isolated adjacent base
stations, we then extend the analysis to include other cell interference from non-cooperating
adjacent base stations, employing the Wyner linear cellular model.
For the classical non-cooperative (NC-FR) scheme, the signal received by user Mk in time
slot m on subchannel n is written as
yNC-FRk (m,n) = hk,k(n)xk(m,n) + wk(m,n), k = 0, 1. (4)
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The instantaneous capacity of userMk on subchannel n assuming Gaussian transmitted signals
thus follows as
CNC-FRk = log2
(
1 +
E
N0
|hk,k(n)|2
)
bpcu, (5)
where bpcu is the capacity unit in bits per channel use.
The joint probability of outage for users M0 and M1, served by BSs B0 and B1, respectively, is
PNC-FRO (R) = P
(
CNC-FR0 < R , C
NC-FR
1 < R
)
, (6)
where R is the target spectral efficiency of the system.
And the ergodic sum-rate is further given by
RNC-FR = E
{
CNC-FR0 + C
NC-FR
1
}
= E
{
CNC-FR0
}
+ E
{
CNC-FR1
}
, (7)
To decode xk under the assumption of equally likely transmitted constellation points, the maxi-
mum likelihood (ML) receiver for the classical scheme is given by
xˆNC-FRk = arg min
xk∈NNC-FR
[(
yNC-FRk − hk,kxk
)∗ (
yNC-FRk − hk,kxk
)]
, (8)
where N NC-FR is the set of all possible transmitted symbols. The bit error rate (BER) under ML
decoding is computed from the probability of symbol error, depending on the constellation used
for symbol mapping at the base station.
A. The CFR protocol for two isolated base stations
In this section, we characterize the performance of the CFR protocol presented in section
III in comparison with the classical, non cooperative, FR scheme, in the ideal case of N = 2
isolated base stations. We assume that the cells outside the collaborating pair of interest are not
a source of interference.
For the CFR protocol, the received signal at user Mk is written, in vector form, as
yCFRk = Hkxk + vk +wk, k = 0, 1. (9)
For the user terminal M0, it follows from Section III, as shown in Table II, that
yCFR0 = [y0(2p, n) y0(2p+ 1, n) y0(2p+ 2, n+N y0(2p+ 3, n+N)]
T , (10)
where the transmitted signal vector x0 is
x0 = [a1 a3 ia4 a2]
T , (11)
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the channel matrix H0 is written as
H0 =

 h0,0(n) 0√
γ¯1h1,0(n+N)bβ
√
γ0h0,0(n+N)

⊗

 1 0
0 1

 , (12)
and the noise components, v0, received during the first phase, and amplified by the AF relaying
protocol in the second phase are given by
v0 =


0
0
√
γ¯1h1,0 (n+N) bv1 (2p, n)
√
γ¯1h1,0 (n+N) bv1 (2p+ 1, n)

 . (13)
The AWGN noise vector is finally written as,
w0 =


w0(2p, n)
w0(2p+ 1, n)
w0(2p+ 2, n+N)
w0(2p+ 3, n+N)

 . (14)
Similarly, for user terminal M1, in cell 1, the received signal vector y
CFR
1 is given by
yCFR1 = [y1(2p, n+N) y1(2p+ 1, n+N) y1(2p+ 2, n) y1(2p+ 3, n)]
T (15)
where
x1 = [b1 b3 ib4 b2]
T , (16)
H1 =

 h1,1(n+N) 0√
γ¯0h0,1(n)bβ
√
γ1h1,1(n)

⊗

 1 0
0 1

 , (17)
v1 =


0
0
√
γ¯0h0,1 (n) bv0 (2p, n+N)
√
γ¯0h0,1 (n) bv0 (2p+ 1, n+N)

 , (18)
and
w1 =


w1(2p, n+N)
w1(2p+ 1, n+N)
w1(2p+ 2, n)
w1(2p+ 3, n)

 . (19)
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The instantaneous capacity of user Mk under the CFR protocol follows as
CCFRk =
1
4
log2
(
det
(
I4 +HkE
{
xkx
H
k
}
HHk E
−1
{
(vk +wk) (vk +wk)
H
}))
bpcu, k = 0, 1.
(20)
The joint probability of outage for users M0 and M1 is
P CFRO (R) = P
(
CCFR0 < R , C
CFR
1 < R
)
(21)
where R is the target spectral efficiency. The average sum-rate is given by
RCFR = E
{
CCFR0 + C
CFR
1
}
. (22)
To analyse the bit error rate of the CFR protocol, ML decoding is implemented
xˆCFRk = arg min
xk∈N
[(
yCFRk −Hkxk)
)∗ (
yCFRk −Hkxk
)]
, (23)
where N is the set of all possible transmitted Golden code codewords.
To analyze the performance of the CFR protocol in terms of probability of outage, ergodic
sum rate, and bit error rate, we numerically evaluate the expressions in (21), (22), and (23)
respectively, for the QAM constellation of interest. We compare them to the results obtained
from the classical NC-FR protocol in (6), (7), and (8). To account for the effect of CSI-T at the
base stations, we analyze the performance of the CFR algorithm with and without channel state
information at the transmitter. When channel state information is available at the transmitter, the
fractional power control factors γk are adusted to optimize the performance metric in question.
For instance, the problem of minimizing the joint probability of outage, forM0 andM1 is written
as
Problem 1: Find the optimal γˆ0, γˆ1 such that the probability that both users are in outage
P
(
CCFR0 < R,C
CFR
1 < R
)
is minimized. In other words,
(γˆ0, γˆ1) = argmin
γ0,γ1
(
CCFR0 < R,C
CFR
1 < R)
)
= argmin
γ0,γ1
(
P(CCFR0 < R)P(C
CFR
1 < R)
)
. (24)
Finding the fractional power allocations that minimize the joint probability of outage requires
finding the probability distribution of the instantaneous capacities CCFR0 and C
CFR
1 in terms of
γk and γk+1. When channel state information is not available at the transmitter, the fractional
power factors are equally allocated between the two frequency bands γ0 = γ1 =
1
2
. Unfortunately,
13
closed form expressions for these optimization problems cannot be evaluated for finite signal to
noise ratio levels.
For the link between the base stations, we consider, as discussed in Section III, both the ideal
case, and the non-ideal case with the line of sight channel with AWGN noise. Numerical results
in Section V show the performance of the CFR protocol for all the cases of interest, using Monte
Carlo simulations.
B. The CFR protocol for N base stations
We extend the analysis in Section IV-A to the more realistic case of a network consisting
of N > 2 base stations. For this scenario, the base stations still collaborate on a pair basis,
but the interference from the non-cooperating pair on the user terminals is taken into account.
The collaborating pairs are assumed static, in the sense that if base station Bk collaborates with
adjacent base station Bk+1, the collaborating pair remains fixed throughout the duration of the
cooperative protocol, and does not change based on received signal strength at the user terminals.
For simplicity, we consider the performance of the base station pairs (Bk, Bk+1) = (B0, B1) with
interference from the pairs . . . (B−4, B−3), (B−2, B−1), (B2, B3), (B4, B5) . . . (see Figure 1).
The received signal at user Mk, in cell Bk is written in vector form as
yCFR,Nk = Hkxk + uk + vk +wk, k = 0, 1, (25)
where xk, Hk, vk and wk are given by equations (11), (12), (13), (14) respectively, and
uk =


∑
i∈Z
i 6=k
h2i−k,k(n+ kN)x2i−k(2p, n+ kN)
∑
i∈Z
i 6=k
h2i−k,k(n+ kN)x2i−k(2p+ 1, n+ kN)
∑
i∈Z
i 6=0
i 6=1
hi,k(n+ (1− k)N)xi(2p+ 2, n+ (1− k)N)
∑
i∈Z
i 6=0
i 6=1
hi,k(n+ (1− k)N)xi(2p+ 3, n+ (1− k)N)


, k = 0, 1 (26)
corresponds to the vector of interfering signals from the base stations outside the collaborating
pair.
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The performance of the CFR protocol for the linear Wyner model with N base stations is
evaluated, similarly to Section IV-A, based on Monte Carlo simulations in Section V. Expressions
for the performance metrics such as bit error rate, joint probability of outage and ergodic sum
rate are derived using yCFR,Nk , and the effect of the additional interference term uk is evaluated
for the ideal and the non-ideal CSI-T cases of interest.
V. NUMERICAL RESULTS AND DISCUSSION
We provide numerical results to evaluate the performance of the proposed cooperative fre-
quency reuse algorithm in terms of achievable bit error rate, probability of outage and ergodic
sum rate. For our simulations, we consider a linear Wyner model cellular setup, where all cells
have the same radius and users are uniformly distributed inside each cell, assuming one sector
per cell.
When partial (statistical) CSI-T is available at the transmitter, the power factors γ0 and γ1 are
chosen from the discrete set (γ0, γ1) ∈ {0, 0.25, 0.5, 0.75, 1} in order to optimize the performance
metric in question (i.e. the bit error-rate, the probability of outage or the ergodic sum rate). For
the case of no CSI-T, the power factors γ0 = γ1 =
1
2
are allocated equally between the two
frequency bands.
We start by examining the performance of the CFR protocol for the case of two isolated base
stations. We present in Figures 2, 3 and 4, respectively, the bit error rate, the probability of
outage and the average sum rate as a function of the signal to noise ratio, for the CFR protocol
with the following scenarios.
1) No CSI-T, ideal link between the base stations (β = 1 and σ2v = 0).
2) No CSI-T, non ideal (worst case) link quality between the base stations (β = α, and
σ2v = N0).
3) CSI -T, ideal link between the base stations.
4) CSI -T, non ideal (worst case) link quality between the base stations.
Figure 2 plots the bit error rate versus SNR, for symbols s and t chosen from a 4-QAM and a
16-QAM constellation. The link quality between the adjacent base stations and the user terminal
is set equal to α = 0.1. For comparison, we include in the figure the bit error rate for the classical
frequency reuse FR 2 scheme, as well as the bit error rate for the universal frequency reuse,
FR 1 scheme, where the latter symbols are taken from a BPSK and a 4-QAM constellation,
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respectively, for fairness of comparison. It can be observed from Figure 2, that even in the
absence of CSI-T, for the case of the worst case non-ideal link, the CFR protocol outperforms
the classical FR 2 protocol, for all signal to noise ratio values. The FR 1 scheme outperforms
the CFR protocol at low SNR, where the distributed space time code does not perform well.
At high SNR values, the diversity obtained from the CFR protocol outperforms that of the FR
1 direct transmission protocol, and the CFR protocol achieves the best performance. The good
performance of the CFR protocol at high SNR can be well invested for application in the small
cells scenario. Due to the proximity of the base station from its intended receiver in a small cell
environment, the signal to noise ratio at the receiver is expected to be high, and the quality of
the link α is expected to be large. Hence, the CFR protocol is most suitable for cooperation in
small cell environments.
The CFR protocol with CSI-T and ideal link between the cooperating base stations achieves
the best performance, among the CFR protocol setups. The presence of channel state information
at the transmitter improves the bit error rate performance by 1 dB at high SNR. When the link
between the base stations is non-ideal, in the worst case (β = α), the performance degradation
is negligible. It is .5 dB on average at high SNR for the case of no CSI-T, and non-discernable
for the case of when CSI-T is available at the base station.
In Figure 3, we compare the joint probability of outage performance of the CFR protocol to
that of the FR 1 and FR 2 direct transmission schemes, for assumed spectral efficiencies R = 2
and R = 4 bps/Hz, respectively. The joint probability of outage metric indicates the effect of the
channel and the interference on the reliability of the system. It can be observed from Figure 3
that, similarly to Figure 2, the CFR protocol outperforms the FR2 and FR1 direct transmissions
at high SNR. For the case of R = 2 bps/Hz, the CFR protocol with CSI-T achieves the best
performance for all the SNR values, with comparable performance to the FR 2 protocol at SNR
below 5 dB. The crossing point between the FR 1 protocol and the CFR protocol with CSI-T
occurs at 10 dB for R = 2 bps/Hz. For a higher spectral efficiency, namely R = 4 bps/Hz, the
crossing point occurs at medium values of SNR, around 15 dB. The effect of the presence of
CSI-T and the errors in the base station to base station links follow similarly to the bit error
rate performance in Figure 2. In particular, the presence of CSI-T incurs a gain of around 1 dB
at high SNR, and the effect of the non-ideality in the link is negligible, especially with CSI-T.
Figure 4 plots the average sum-rate for various signal to noise ratio levels, when α = 0.1. It
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can be observed from the figure that the CFR protocol with CSI-T achieves the same average
sum rate as the FR 2 scheme with direct transmission, which is in accordance to the fact that
diversity does not change the pre-log factor in the capacity expressions. This average sum rate
degrades when channel state information is not present at the transmitter. The effect of CSI-T is
on average 1 dB increase in sum-rate. The effect of the errors in the base station to base station
link is again negligible in the presence of CSI-T at the base station.
The effect of α, the quality of the adjacent base station link is important for small cells
scenarios, as it gives us an indication on how the CFR protocol would behave as the radius
of the cell decreases and the base stations become closer to the mobile users they are serving.
Figures 5, 6 and 7 plot respectively, the bit error rate, the joint probability of outage and the
average achieved sum rate as a function of signal to noise ratio, for α = 0.25. It can be observed
from the figures, that the CFR protocol performance improves as α increases. In particular, the
crossing points between the FR 1 direct transmission curves and those of the CFR protocol shift
to the left by 5 dB for 16-QAM modulation and 2 dB for 4-QAM modulation in the bit error
rate curves. For the sum rate curves, the crossing point between the FR 1 direct transmission
and the CFR protocol is shifted by 8 dB to the left. As expected, as the value of α is increased,
the value of the cooperation increases, and the CFR protocol performance becomes superior to
direct transmission for most values of signal to noise ratio at the mobile station. For small cell
scenarios, where the received signal power at the mobile station is higher than that in a macro
base station environment, because of the proximity of the base station to the mobile user, the
CFR protocol is the winning strategy.
To further investigate the effect of α on the performance of the schemes investigated in this
paper, we plot, in Figures 8 and 9, respectively, the bit error rate of the 4-QAM modulation
scheme and the joint probability of outage for a target spectral efficiency R = 2 bps/Hz, as
a function of increasing α, 0 < α < 1, for a medium SNR value of 15 dB. The direct
transmission classical FR 2 scheme is shown in the Figures for comparison as well as the
FR1 direct transmission.
It can be observed from Figure 8 that the bit error rate of the CFR protocol exhibits a
generally decreasing behavior as α increases. For α < 0.5, in the absence of CSI-T, the bit error
rate remains unchanged as α increases, this can be explained by the fact that the collaboration
link does not have the sufficient quality to increase the benefit. The bit error rate thus remains
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constant, but at a value that is lower than the classical FR 2 scheme. For α > 0.5, the slope
of decay of the bit error rate with α increases. The gap between the ideal and the non-ideal
worst case link between the base stations increases, as α increases. This makes sense since we
set the worst case link quality between the base stations to β = α. In practice, the performance
achieved by the CFR protocol with no CSI-T occurs between the two curves, as they correspond
to two extreme cases of β. When statistical CSI-T is available at the base station, the effect
of α is not as discernible as the case with no CSI-T. In fact, the bit error rate for CSI-T with
non-ideal link starts decreasing for very high values of α ≈ 0.9. Knowing the statistics of the
channels at the transmitters shields the base stations against the effect of α. The link quality has
no effect on the bit error rate achieved by the FR 2 classical transmission scheme as the base
stations transmit on orthogonal frequency bands with no cooperation between base stations and
no interference. The value of α has however an effect on the universal frequency reuse scheme
FR 1, where both base stations transmit at the same time on the same frequency band. As the
value of α increases, the link quality between the adjacent base station and the mobile user
improves, causing the co-channel interference from the adjacent base stations to increase, and
hence the probability of bit error to increase.
The joint probability of outage, for R = 2 bps/Hz, shown in Figure 9, exhibits the same
behavior as that of the bit error rate curves. The FR 1 direct transmission scheme is, however,
always worse than the FR 2 schemes and the CFR schemes, even for small values of α. The
joint probability of outage of the CFR protocol with CSI-T decreases with α starting at α = 0.7
for the ideal case, and α = 0.8 for the non-ideal base station to base station link.
We finally examine the performance of the CFR protocol when the interference from the base
stations outside the collaborating pair of interest is taken into account. We consider a linear
array of N = 10 base stations, that form 5 collaborating pairs. Figures 10, 11 and 12 present,
respectively, the bit error-rate, the joint probability of outage and the achievable average sum
rate, for the collaborating pair, given the interference from neighboring base stations. For the bit
error-rate, the symbols are taken from a 4-QAM constellation, and the target spectral efficiency
for the probability of outage is set to R = 2 bps/Hz. The link quality is set to α = 0.1. The
figures compare the performance of the CFR protocol, without channel state information at the
transmitter, for both an ideal link between the base stations, and a worst case base station to base
station link degradation. It can be observed from the figures that the effect of the interference
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from adjacent base stations is negligible and only discernible at high SNR, as the SNR increases,
the reliability (bit error rate and joint probability of outage) as well as the average sum rate of
the CFR protocol decreases with interference. The effect of the quality of the base station to
base station link for the N base stations is the same as that for the two isolated base stations
case. The performance of the CFR protocol decreases in the presence of error on the base station
to base station link.
VI. CONCLUSION AND FUTURE WORK
In this paper, we proposed a novel distributed cooperation protocol called Cooperative Fre-
quency Reuse that is used on the downlink of frequency reuse small cell systems. Collaboration
between pairs of adjacent base stations enables the use of space as well as frequency diversity, at
full rate, while keeping the half-duplex mode asumption. The protocol is based on a distributed
space time code derived from the Golden code. We discussed the performances of the protocol in
terms of bit error-rate, joint probability of outage and ergodic sum-rate under different scenarios.
Simulation results showed that the CFR protocol increases the reliability of the cellular system,
especially at high SNR, without incurring additional complexity overhead.
Future work includes an analytical analysis of power control optimization problems under
partial (statistical) channel state information. It also includes accounting for fractional frequency
reuse in the network model, and optimizing the fractional part of the OFDM band under the
CFR protocol. Finally, we will consider optimizing the duration of each phase within the frame
to increase the reliability of the CFR protocol.
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Fig. 1. Cellular system layout (Wyner model).
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Fig. 2. Bit error-rate (BER), as a function of the SNR (dB), for two isolated base stations. The link quality α = 0.1, and
the modulation is 4-QAM and 16-QAM respectively. The FR1 curves denote the direct transmission scheme with BPSK and
4-QAM modulation respectively. The non ideal link denotes the case when the base station to base station link gain is β = α.
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Fig. 3. The joint probability of outage of M0 and M1, as a function of the SNR (dB), for two isolated base stations and two
target spectral efficiencies (R = 2 bps/Hz and R = 4 bps/Hz), for both the FR1 and the FR2 scenarios. The link quality is
α = 0.1. The non ideal link denotes the case when the base station to base station link gain is β = α.
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Fig. 4. Average sum-rate of M0 and M1, as a function of the SNR (dB), for two isolated base stations. The link quality is
α = 0.1. The non ideal link denotes the case when the base station to base station link gain is β = α.
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Fig. 5. Bit error-rate (BER), as a function of the SNR (dB), for two isolated base stations. The link quality is α = 0.25, and
the modulation is 4-QAM and 16-QAM respectively. The FR1 curves denote the direct transmission scheme with BPSK and
4-QAM modulation respectively. The non ideal link denotes the case when the base station to base station link gain is β = α.
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Fig. 6. The joint probability of outage of M0 and M1, as a function of the SNR (dB), for two isolated base stations and
two target spectral efficiencies (R = 2 bps/Hz and = 4 bps/Hz), for both the FR1 and the FR2 scenarios. The link quality is
α = 0.25. The non ideal link denotes the case when the base station to base station link gain is β = α.
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Fig. 7. Average sum-rate of M0 and M1, as a function of the SNR (dB), for two isolated base stations. The link quality is
α = 0.25. The non ideal link denotes the case when the base station to base station link gain is β = α.
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Fig. 8. Bit error-rate for 4-QAM symbols, as a function of α, 0.1 ≤ α ≤ 1, for two isolated base stations and SNR = 15 dB.
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Fig. 9. Joint probability of outage for a target spectral efficiency R = 2 bps/Hz, as a function of α, 0.1 ≤ α ≤ 1, for two
isolated base stations and SNR = 15 dB.
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Fig. 10. Bit error-rate for 4-QAM symbols, as a function of the SNR, for N = 10 base stations with collaborating CFR pairs,
and N = 2 isolated BSs. α = 0.1.
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Fig. 11. Joint probability of outage for a target spectral efficiency R = 2 bps/Hz, as a function of the SNR, for N = 10 base
stations with 5 collaborating CFR pairs and N = 2 isolated BSs. α = 0.1.
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Fig. 12. Average sum rate, as a function of the SNR, for N = 10 base stations with 5 collaborating CFR paris and N = 2
isolated BSs. α = 0.1 and the modulation scheme is 4-QAM.
